No laboratory test can predict the risk of nonrelapse mortality (NRM) or severe graft-versus-host disease (GVHD) after hematopoietic cellular transplantation (HCT) prior to the onset of GVHD symptoms.
Introduction
Hematopoietic cellular transplantation (HCT) is an important treatment for high-risk hematologic malignancies whose curative potential depends on the graft-versus-leukemia (GVL) effect. Graft-versus-host disease (GVHD), the major cause of nonrelapse mortality (NRM) after HCT, is closely associated with GVL (1) (2) (3) (4) . Pretransplant clinical risk factors for GVHD include the degree of human leukocyte antigen (HLA) match between donor and recipient, recipient age, donor type, and conditioning regimen intensity (5, 6) . Some centers use one or more of these risk factors to guide GVHD prophylaxis, such as the use of anti-thymocyte globulin when the donor is not an HLA-identical sibling (7) , but such approaches are globally immunosuppressive and carry their own risks, in particular of opportunistic infections (8, 9) .
Acute GVHD affects 40% to 60% of patients and targets the skin, liver, and gastrointestinal (GI) tract (6, 10) . The median onset of acute GVHD is approximately 1 month after transplant (11, 12) . Recently, a signature of 3 plasma biomarkers (TNFR1, ST2, and REG3α) at the onset of clinical symptoms has been shown to predict NRM and response to treatment (11) . Our goal was to determine whether a biomarker signature early after HCT could predict NRM and GVHD before the development of overt clinical disease.
Results
Patients. The clinical characteristics of all the patients are shown in Table 1 . We observed no significant differences between training and test sets following randomization. An independent multicenter validation set (9 centers, 3 countries; n = 358) differed significantly from the training and test sets with myelodysplastic syndrome as a more frequent indication for HCT (25% vs. 14%, P < 0.001), fewer patients with unknown disease status at HCT (1% vs. 8%, P < 0.001), less use of methotrexate-containing GVHD prophylaxis (60% vs. 68%, P = 0.024) and more use of anti-thymocyte globulin (37% vs. 25%, P = 0.001). The overall incidence of 6-month NRM for the training, test, and validation sets was highly similar at 11%, 12%, and 13%, respectively. The median day of GVHD onset was 28 days in the training set and 29 days in the test and validation sets (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.89798DS1).
Algorithm development. We developed a predictive model using biomarker combinations in samples from the training set through a rigorous strategy to maximize reproducibility (see Methods). The most accurate model included the concentrations of ST2 and REG3α and the area under the receiver operating characteristic curve is 0.68 (Supplemental Figure 1) . A threshold of p̂ = 0.16 separated high-risk (HR) and low-risk (LR) groups to identify a maximum number of HR patients with a near-maximum difference in NRM. The median and range for all 4 biomarkers are shown in Supplemental Table 2 .
Algorithm performance at day 7 after HCT. This final Mount Sinai Acute GVHD International Consortium (MAGIC) algorithm identified an HR group in the training set whose NRM (28%) was significantly greater (P < 0.001) than that of the LR group (7%) ( Figure 1A ). Application of this algorithm to the test set produced similar, highly statistically significant differences between HR and LR groups ( Figure  1B ). We performed a second validation in the multicenter set and again observed large differences between groups, with an HR 6-month NRM of 26% versus 10% in the LR group (P < 0.001) ( Figure 1C ). NRM remained largely the same through the first 12 months after transplant (Supplemental Table 3 ). The proportion of patients in the HR group was similar in all 3 patient sets (16% to 20%). Relapse rates were equivalent in both risk groups in all 3 sets (Figure 1 , D-F), with the result that HR patients experienced significantly worse overall survival (P < 0.001) (Figure 1 , G-I).
Several pre-HCT clinical risk factors predict a higher risk of NRM, such as HLA mismatch, nonfamily member donors, age of the recipient, and the intensity of the conditioning regimen (6, 13) . Donor type and match were significant predictors of NRM in univariate analyses performed on the training set (Supplemental Table 4 ). Yet the MAGIC algorithm still stratified patients into 2 distinct risk groups CONCLUSION. A biomarker algorithm based on a blood sample taken 7 days after HCT can consistently identify a group of patients at high risk for lethal GVHD and NRM.
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independently of the degree of HLA match between donor and recipient, the genetic relationship of the donor to the recipient, the intensity of the conditioning regimen, and age ( Figure 2 , A-D). The differences between groups remained statistically significant in all 3 sets within each clinical risk factor except for pediatric patients in a few sets where the total number of patients was exceptionally small (Supplemental Table 5 ). Again, relapse rates were equivalent within all subgroups of clinical risk factors, resulting in a decrease of at least 20% in overall survival for HR patients (Supplemental Figures 2-4) .
Causes of NRM. We next analyzed the contribution of GVHD to NRM. HR patients were 3 times more likely to die from GVHD than LR patients when all 1,287 patients were considered (HR 19% vs. LR 6%, P < 0.001) and the difference was statistically significant within each set (Supplemental Figure 5 ). GVHDrelated deaths reflected the efficacy of treatments that varied according to the standard of care at each center, but the majority of patients with grade II-IV acute GVHD received high-dose systemic steroids, and HR patients also experienced twice as much steroid-refractory GVHD as LR patients (HR 35% vs. A There were no significant differences between the training set and test set. Significant differences between the training set and validation set included indication for hematopoietic cellular transplantation (HCT) (P < 0.001), disease status at HCT (P < 0.001), graft-versus-host disease (GVHD) prophylaxis (P = 0.015), and the inclusion of serotherapy in GVHD prophylaxis (P = 0.002). Significant differences between the test set and validation set included indication for HCT (P < 0.001), disease status at HCT (P < 0.001), GVHD prophylaxis (P = 0.024), and GVHD prophylaxis that included serotherapy (P = 0.001). B 
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15%, P < 0.001). The GI tract is the GVHD target organ that is most resistant to treatment and represents a major cause of NRM (11, 14) , and we observed twice as much severe GI GVHD (Supplemental Figure  6 ). Although severe skin GVHD is uncommon, affecting fewer than 5% of all patients, we found that HR patients experienced 4 times as much severe skin GVHD as LR patients (Supplemental Figure 6 ). All causes of NRM are shown in Supplemental Table 6 .
Algorithm performance at onset of GVHD. We have previously reported that an algorithm using 2 thresholds of 3 plasma biomarkers measured at the time of onset of GVHD symptoms is able to separate patients into 3 distinct risk strata (Ann Arbor [AA] scores 1, 2, and 3) regarding response to systemic treatment and NRM (11) . We measured these 3 biomarkers (ST2, REG3α, and TNFRI) in 212 patients from this data set for whom samples were available at the onset of GVHD. Using thresholds to provide approximately the same NRM in each stratum as the 3-biomarker algorithm, the 2-biomarker algorithm successfully identified 3 distinct risk strata and assigned 45% of patients to the LR group, AA1 ( Figure 3A) . Thus, the same 2-biomarker algorithm that separated LR and HR on day 7 after transplant can be successfully : HR 28% (95% CI, 20 to 37); LR 7% (95% CI, 5 to 10); test set (B): HR 33% (95% CI, 21 to 46); LR 7% (95% CI, 5 to 11); validation set (C): HR 26% (95% CI, 17 to 37); LR 10% (95% CI, 7 to 14). Six-month relapse rates were as follows: training set (D): HR 20% (95% CI, 13 to 29); LR 20% (95% CI, 17 to 24); test set (E): HR 17% (95% CI, 8 to 28); LR 19% (95% CI, 15 to 24); validation set (F): HR 14% (95% CI, 7 to 23); LR 15% (95% CI, 11 to 19). Six-month overall survival rates were calculated by the Kaplan-Meier method and compared by the log-rank test: training set (G): HR 60% (95% CI, 51 to 70); LR 84% (95% CI, 80 to 87); test set (H): HR 57% (95% CI, 45 to 72); LR 81% (95% CI, 77 to 86); validation set (I): HR 68% (95% CI, 58 to 80); LR 85% (95% CI, 81 to 89). insight.jci.org https://doi.org/10.1172/jci.insight.89798
adapted through the use of 2 thresholds to separate patients into 3 distinct risk strata at the onset of GVHD. When we applied the 3-biomarker algorithm to these same patient samples, it assigned substantially fewer patients to the LR group, with the result that NRM was lower for the intermediate risk group (AA2) ( Figure 3B and Supplemental Table 7 ).
Discussion
A long-sought goal in HCT is the identification of individual patients at HR for severe GVHD. The day 7 MAGIC algorithm developed here identifies a significant number of such patients. The algorithm's reproducibility among multiple transplant centers may be attributed to several elements of the study design. First, the acquisition rate of samples was very high (93%), ensuring a broad representation of patients. Second, the clinical data practices were standardized and monitored among all centers, thereby increasing the accuracy of the data. Third, the final algorithm was the result of a vigorous cross-validation strategy in a large number of patients that tested performance in 75 different combinations of the training set prior to the development of the final model and its validation in 2 independent sets. The fidelity of risk assignment by the MAGIC algorithm transcends known clinical risk factors for GVHD, such as conditioning regimen, age, HLA mismatch, or relatedness of the donor. These latter 2 risk factors directly reflect the histocompatibility antigens in the host to which donor T cells respond within days of graft infusion and were significant predictors of NRM in univariate analysis in the training set, but their incorporation into the algorithm did not appreciably improve its performance (Supplemental Table 8 ). The GVH reaction is already in progress by day 7 and has led to increased biomarker concentrations even though clinical symptoms may not occur until days or weeks later. The same may be said for the conditioning regimen intensity, which correlates with the inflammation that amplifies donor T cell responses to host alloantigens (15) . The MAGIC algorithm's Six-month cumulative incidence of nonrelapse mortality of all patients (n = 1,287) by (A) related donor: high risk (HR) 26% (95% CI, 15 to 37); low risk (LR) 5% (95% CI, 3 to 7); unrelated donor: HR 30% (95% CI, 23 to 37); LR 10% (95% CI, 8 to 13); (B) HLA matched: HR 26% (95% CI, 20 to 33); LR 7% (95% CI, 5 to 9); HLA mismatched: HR 39% (95% CI, 26 to 53); LR 13% (95% CI, 9 to 18); (C) reducedintensity conditioning: HR 37% (95% CI, 26 to 48); LR 8% (95% CI, 6 to 11); full-intensity conditioning: HR 25% (95% CI, 19 to 32); LR 8% (95% CI, 6 to 10); (D) age ≤ 21: HR 27% (95% CI, 11 to 47); LR 6% (95% CI, 3 to 11); age > 21:HR 29% (95% CI, 23 to 36); LR 8% (95% CI, 7 to 10). Gray's test was used for statistical comparisons between groups. insight.jci.org https://doi.org/10.1172/jci.insight.89798
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fidelity across these variables derives from assigning a greater percentage of patients with an adverse characteristic to the HR group. For example, 163 of 770 (21%) of unrelated donors are assigned to the HR group, compared with 63 of 517 (12%) of related donors (P < 0.001). Importantly, when biomarkers are measured at the onset of GVHD symptoms, this 2-biomarker algorithm can be successfully adapted using 2 thresholds to define 3 distinct risk groups. Indeed, the 2-biomarker algorithm assigned more patients to both the HR and LR groups than the 3-biomarker algorithm. We speculate that the superior performance of the 2-biomarker algorithm is due, at least in part, to the increased sensitivity of the new ELISA assay for ST2 that was not available when the 3-biomarker algorithm was derived (Supplemental Table 7 ). We now appreciate that both ST2 and REG3α are closely associated with GI GVHD (16) (17) (18) and we speculate further that the levels of these biomarkers' concentrations both on day 7 and at the onset of overall symptoms reflect GI pathology that is not yet clinically apparent. The overall incidence of severe GI GVHD in our study (9.6%) was similar to that of other reports (7.9%) (14) , and the GI tract is key to overall GVHD severity because it is affected in 86% of severe cases (12) . It is thus worth noting again that the algorithm allocated twice as many patients who would eventually develop severe GI GVHD to the HR group (Supplemental Figure 6 ). This large study confirms earlier studies in which 50% of GVHD occurs after day 28 and 90% occurs after day 14 ( Supplemental Table 1 ) (11, 12) . Thus, the use of the MAGIC algorithm could facilitate preemptive intervention for GVHD prior to the onset of clinical disease in a substantial number of patients. One attractive strategy that avoids global immunosuppression and thus minimizes increased risk for relapse is to interrupt traffic of GVHD effector cells to the GI tract. Blockade of the α4β7 integrin expressed on donor T cells that home to the intestinal mucosa can abrogate experimental GVHD (19) (20) (21) , and α4β7 is expressed on greater percentages of T cells in patients who later develop intestinal acute GVHD (22) . The safety and efficacy of monoclonal antibodies such as vedolizumab (α4β7 antagonist), natalizumab (α4 antagonist), and etrolizumab (β7 antagonist) to treat inflammatory bowel disease is established (23) (24) (25) , making them prime candidates for such intervention. Two clinical trials of such strategies in GVHD prophylaxis or treatment are currently ongoing (clinicaltrials.gov; NCT02133924 and NCT02728895).
The biomarkers for HR disease may identify additional pathways that could be therapeutically targeted. ST2, a decoy receptor for soluble IL-33, is shed from activated T cells as GVHD progresses, and soluble ST2 administration has been shown to reduce experimental GVHD (17, 18) . Additional strategies may target IL-33 itself, which is released from dying GI epithelial cells during GVHD. REG3α is produced by GI epithelium, in particular Paneth cells, whose numbers decrease significantly during GVHD (26, 27) . Thus, REG3α production decreases during GVHD even as its concentration increases in the bloodstream as a result of damaged epithelial mucosa (16) . IL-22 induces REG3α, and lower numbers of circulating, IL-22-secreting innate lymphoid cells after transplant are associated with a higher risk for GVHD (28, 29) . Administration of IL-22 restores REG3α homeostasis and accelerates repair of the epithelial mucosa, preventing GVHD in preclinical models Figure 3 . Graft-versus-host disease (GVHD)-related outcomes by MAGIC risk stratification and application of algorithm at GVHD onset. (A) Six-month cumulative incidences of nonrelapse mortality in Ann Arbor (AA) risk groups AA1, AA2, and AA3 were defined by the 2-biomarkercontaining MAGIC algorithm applied at GVHD onset (n = 212): AA3 46% (95% CI, 32 to 58); AA2 24% (95% CI, 14 to 36); and AA1 8% (95% CI, 4 to 15). The proportion of patients in each risk group, as represented by the bar graph, were AA3 27% (n = 57), AA2 28% (n = 59), and AA1 45% (n = 96). (B) Six-month cumulative incidences of nonrelapse mortality in AA1, AA2, and AA3 were defined by the 3-biomarker-containing MAGIC algorithm applied at GVHD onset (n = 212): AA3 47% (95% CI, 32 to 61); AA2 19% (95% CI, 12 to 26); and AA1 8% (95% CI, 2 to 20). The proportion of patients in each risk group, as represented by the bar graph, were AA3 21% (n = 45), AA2 62% (n = 131), and AA1 17% (n = 36). insight.jci.org https://doi.org/10.1172/jci.insight.89798 (29, 30) . This appealing approach avoids further immunosuppression altogether and in fact enhances the reconstitution of the innate immune system of the GI tract. A recombinant version of IL-22 has been approved for human use and is currently being tested in a clinical trial to treat GVHD (clinicaltrials.gov; NCT02406651).
Regardless of the nature of preemptive interventions, the MAGIC algorithm should prove a useful tool in clinical research of GVHD therapy because it identifies patients at HR for severe disease. The exact nature of the intervention, including its inherent risks as well as potential benefits, will largely determine the enthusiasm of patients and physicians for any particular approach. Future improvements to the algorithm might include the incorporation of additional biomarkers or repeating the test at a later time point to increase sensitivity. Nevertheless, the MAGIC algorithm represents an important advance toward precision medicine for HCT patients.
Methods
Study design and oversight. Patients from 11 centers in the Mount Sinai Acute GVHD International Consortium (MAGIC) underwent first allogeneic HCT from January 2005 to June 2015 and provided blood samples for a biorepository 7 days after HCT (Figure 4 ). Patient samples from the 2 largest contributing centers, the University of Michigan, Ann Arbor (n = 642) and the University of Regensburg, Germany (n = 287) were combined and were then randomly assigned to a training (n = 620) and test (n = 309) set, conditional to similar ratios of patients from each center, median HCT dates, and overall 6-month NRM. An independent group of 358 patients from the 9 other MAGIC centers constituted the validation set (Supplemental Table 9 ).
Clinical data, blood collection, and analysis. GVHD clinical staging was standardized using published guidelines (31) , and was prospectively reviewed during monthly data teleconferences starting in 2013 (n = 600). Blood samples were collected prospectively 7 ± 3 days after HCT. Nonrelapse deaths were considered related to GVHD if the patient died from either GVHD itself or from an infection that developed while receiving systemic steroids (at least 10 mg prednisone daily or equivalent) for the treatment of GVHD. Steroid-refractory GVHD was GVHD that either did not respond or required additional therapy within 28 days. Samples were shipped to a central laboratory where they were analyzed in batches for 4 GVHD biomarkers (ST2, REG3α, TNFR1, and IL-2Rα) by ELISA as previously described (16, 32, 33) .
Statistics. Biomarker concentrations were normalized by log-transformation and all 15 possible combinations of 1 to 4 biomarkers were used to model 6-month NRM by competing-risks regression, with relapse as the competing risk (34) . We compared models using either Akaike's information criterion (AIC) for nonnested comparisons or the Wald test for nested comparisons to determine the most accurate model (35) . All models were sorted according to AIC and the lowest AIC was considered to have the best fit. Furthermore, and test sets in a 2:1 proportion. The remaining 358 patients were assigned to the independent multicenter validation set. The training set alone (n = 620) was used to develop the algorithm. All possible combinations of 1 to 4 biomarkers were used to model 6-month nonrelapse mortality (NRM) by competing-risks regression. Rigorous comparison of models through a Monte Carlo cross validation of 75 different, randomly created training sets confirmed that the models using ST2 and REG3α were superior to all other biomarker combinations. We used this model to predict the probability of 6-month NRM in the patients from the training set, rank ordered them from lowest to highest, and chose a threshold to separate risk groups for the final algorithm (see Methods). We then applied the algorithm to the test set in a first validation and to the multicenter validation set in a second validation.
the best 1-, 2-, and 3-biomarker models based on AIC and the 4-biomarker model were compared using the Wald test considering P values of less than 0.05 to indicate statistical significance. The combination of ST2 and REG3α best predicted 6-month NRM, which we confirmed with Monte Carlo cross validation by randomly creating 75 different training sets and repeating the modeling process (36) . No combination of 1, 3, or 4 biomarkers was superior to the combination of these 2 biomarkers. Seventy-five of seventy-five (100%) of the 2-biomarker models included ST2 and 68 of 75 (91%) included REG3α. We then created a training set at random and repeated the entire process to generate a final model: log[-log(1 -p̂ )] = -11.263 + 1.844(log10ST2) + 0.577(log10REG3α), where p̂ = predicted probability of 6-month NRM. We determined the p̂ for each patient and rank ordered them from lowest to highest. We observed multiple thresholds that demarcated groups with a difference of at least 15% NRM, which we deemed clinically significant (Supplemental Table 10 ). We chose a threshold of p̂ = 0.16 to maximize the size of the HR patient group while maintaining a near-maximum difference in NRM. Differences in cumulative incidence of NRM and relapse between HR and LR groups were calculated by Gray's test. Overall survival was estimated by the Kaplan-Meier method and differences between groups were calculated using the log-rank test.
Patient characteristics between training, test, and validation sets were compared using chi-squared or Wilcoxon rank-sum tests as appropriate. Differences in proportions for the cause of death analysis and GVHD incidence were calculated using chi-squared tests. Clinical risk factors that were statistically significant (P < 0.05) predictors for NRM were identified by univariate analysis in the training set (Supplemental Table 4 ). An algorithm to predict NRM that combined significant clinical risk factors and biomarkers was derived using the same training set used to derive the biomarkers-only algorithm. All analyses were performed using R statistical package version 3. Study approval. The institutional review boards at each of the 11 participating centers approved this study and written informed consent was received from participants prior to inclusion in the study. The participating centers are listed in Supplemental Table 9 .
